The stock abundance of chub mackerel (Scomber japonicus) in the Pacific Ocean off Japan declined in the 1980s and remained at low levels through the 1990s. There were recruitment successes in 1992 and 1996. However, the cohorts born in these years were heavily fished before the age of maturity and chub mackerel has not begun to recover. To investigate the effects of conserving immature fish, we created four recovery policies: (i) policy 0, actual fishing mortality during the 1990s; (ii) policy 1, conserve strong year classes; (iii) policy 2, apply the average fishing mortality in the 1970s-1980s after 1992; and (iv) policy 3, a 55% reduction of the mortality adopted by policy 2. Policy 3 was considered to be the best in terms of final stock abundance and total catch from 1992 to 1999. We also calculate the future projection of stock and catch under these three policies as well as using average fishing mortality from 1993 to 1999. Using average fishing mortality from 1993 to 1999, the stock will not be recovered within the next 20 years. Even under the best policy, the risk that the final stock is not recovered to 3 million tons within the next 10 years is 40%.
INTRODUCTION
In the Pacific Ocean, chub mackerel (Scomber japonicus) is one of the most important resources. The size of the chub mackerel stock in the Pacific Ocean off Japan declined during the 1980s and early 1990s and remained at a low level through the 1990s (Fig. 1) . 1, 2 The yearly egg production in year t is donted by E t . The fluctuation of pelagic fish, including chub mackerel, is thought to be affected by environmental fluctuations, as well as intraspecies or interspecies competition. 4 A cohort analysis of the chub mackerel stock 2 revealed that recruitment-per-spawning (RPS) was high in 1992 and 1996 ( Fig. 1) , despite a low level of spawning stock biomass. The number of stock at age a in year t is denoted by N a,t , which is estimated at the beginning of July. N 0,t does not imply yearly egg production (E t ) but, rather, implies the number of recruits in year t. Fish aged 0 years during these two years and 1 years in the following years were heavily fished before the age of maturity, 2 as suggested in Fig. 1 . The chub mackerel stock has not recovered.
The ratio of immature chub mackerel in landed catches shows yearly fluctuations (C Watanabe, unpubl. data, 1999) for numbers and by weight of 67 and 53%, respectively, in the 1970s, 58 and 41%, respectively, in the 1980s and 84 and 71%, respectively, in the 1990s. For the period from 1993 to 1999, the ratio of immature chub mackerel in landed catched increased to 87% for numbers and 77% by weight.
The present paper investigates the effects of fishing on stock dynamics from 1970 to 1999 and the effects of conserving immature fish or strong year classes on future stock trends, as well as the future catch, with special attention to the difference in fishing impact between the 1970s/1980s and the 1990s. We create three fishing policies for recovering stock and discuss the practicability of these policies. Using year-dependent RPS and the Recovery policy for chub mackerel stock using recruitment-per-spawning 2 we denote catch-at-age a in year t by C a,t , the natural mortality coefficient by M and the fishing mortality coefficient in year t at age a by F a,t . Yatsu et al. 2 estimated that the fishing mortality coefficients of immature fish were larger in the 1990s than in the 1970s/1980s (Table  1) for a wide variation in the natural mortality coefficient (M = 0.3-0.5 /year). In the 1970s and 1980s, the fishing mortality coefficient F for immature fish was lower than F for mature fish, whereas F for fish aged 1-2 years was not lower than F for mature fish in the 1990s.
To calculate RPS t , we used time series for the recruitment number, denoted by R t , and the spawning stock biomass at the end of the spawning season in year t, denoted by SSB t . These were estimated using cohort analysis. 2 The age at recruitment is 0 years and R t = N 0,t . The following equations were used to define RPS t and SSB t in year t:
where t max is lifetime, W a,t is weight and m a,t is the rate of maturity at age a in year t. 6, 7 In order to investigate the trend of fisheries impact, we calculated the static %SPR and projected foregone reproduction (PFR) in year t, = stock-recruitment relationship, we calculate stock and catch dynamics starting from stock size in 1992 under the three differenct policies and using the actual catch. We also calculate these dynamics starting from stock size in 1999 under the three differenct policies and using average fishing mortality from 1993 to 1999.
MATERIALS AND METHODS

Evaluation of fishing impact on the basis of RPS
We estimated percent spawning per recruitment (%SPR) 5 to compare fisheries in the 1970s with those after 1993. The %SPR refers to the ratio of spawning per recruitment (SPR) with actual fishing to SPR without fishing, where the SPR is the expected number of eggs spawned by a female at the age of recruitment until she dies.
We used catch-at-age data, average body weight and estimated stock in number during the period 1991-1999. 2 We considered the chub mackerel fishing season to start in July and end in June the following year. We assumed that spawning only occurs at the end of June and that fishing only occurs at the end of December. We also assumed that fish are recruited just after the end of the spawning season with survival rate in year t given by N 0,t /E t .
From cohort analysis, the stock abundance N a,t and fishing mortality coefficient F a,t is obtained 964
FISHERIES SCIENCE
H Kawai et al. where s a,t is survival rate of age a from recruitment until year t, V a,t and V a,t * are the reproductive values at age a in year t if the fishing mortality rate in year t continues in the future and without any fishing mortality, respectively. The difference between 100% and static %SPR represents foregone reproduction per recruit due to sustained fishing at a constant rate over time. The PFR represents foregone reproduction in the future at a constant fishing mortality rate on the observed cohorts in the population. 8 The %SPR t and PFR are useful indices related to the degree of recruitment overfishing. 9, 10 To investigate environmental effects on the recruitment of chub mackerel, we estimated the relationship between stock and recruitment, applying the Beverton-Holt model: Data from 1990 to 1999 and average fishing mortality coefficients at age a during the 1970s-1980s and from 1993 to 1999, assuming that M = 0.4 /year (bold numbers) with sensitivities (bold numbers + italic numbers when M = 0.3 /year; bold numbersitalic numbers when M = 0.5 /year). sidered a policy that conserves immature fish in the year following recruitment success (1993 and 1997) . Under this policy, we reduce the fishing mortality coefficients of fish at F -a , averaged over the 1970sto 1980s (Table 1) . Policy 2 applies the fishing mortality coefficient, F -a , averaged over the 1970s to 1980s, to F a,t in all years after 1992. Policy 3 is a 55% reduction in the fishing mortality rate of policy 2.
To estimate the effect of conserving immature fish in the 1990s, we used the estimated stock abundance in 1991, F a,1991 (Table 3) , and a t in the 1990s (Table 2) . Let n a,t , rps t , ssb t , c a,t and f a,t be N a,t , RPS t , SSB t , C a,t and F a,t , respectively, under policies 1-3. When the fishing mortality coefficients (F a,t ) after 1992 (Table 1) are determined by each policy, we can simulate the stock and catch dynamics of chub mackerel after 1991.
The stock abundance (n a,t ) and catch (c a,t ) in numbers in the next year t can be calculated by the following equations: (9) (10) (11) (12) where rps t is given by eqns (1) and (8) , ssb t is given by eqn (2) and f a,t is the fishing mortality coefficient given by each policy. We assumed that n a,1991 = N a,1991 and f a,1991 = F a,1991 in Table 3 and started the simulation from the year 1992. Therefore, c a,1991 = C a,1991 for all a; M is the natural mortality coefficient and is assumed to be constant at 0.4 for all cohorts and ages. Quantities c a,t , n a,t , rps t and ssb t after 1992
n n e c e
survival rate from egg to recruitment when the recruitment is given by Ñ 0,t , when the stock is so small that the density effect is removed. However, the recruitment N 0,t differs from Ñ 0,t and is also determined by environmental conditions. The parameters a and b are obtained by the minimum square sum method using the quasi-Newton method (Microsoft Excel for Windows 95, Version 7.0):
where S is the sum of squared differences.
We assumed that the distance between N 0,t and Ñ 0,t is a process error caused by environmental conditions. We ignored measurement errors in the cohort analysis. To describe the process error, we replaced a with the time-dependent parameter a t : (8) where a t and b are used irrespective of recovery policies ( Table 2) .
Effects of conserving immature fish on future stock and catch
We investigated the effect of conserving immature fish on stock recovery. We considered four policies for the recovery of chub mackerel fisheries and compared the performance of these four policies by simulation. Policy 0 means an actual fishery as in the 1990s. Policy 1 conserves immature fish born in years of recruitment success (1992 and 1996) . The idea behind this policy is effective use of dominant year classes for stock recovery. However, the existence of a strong year class can be noted only after fishing the year class. Therefore, we con- 
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Future projections
We calculated future projections of stock and catch starting from stock in 1999 (Table 3) , using the numbers of individuals in 1999. 2 a t is randomly chosen from a t from 1990 to 1999 permitted multiple choosing. In the same way as described in eqns 8-12, except that a t was chosen randomly, we calculated stock and catch within the next 20 years for 1000 simulated runs under policies 1-3 and under a fishery as in the 1990s (policy 0). Under policy 0, we assumed that the fishing mortality coefficient at age a in year t is equal to averaged F -a over 1994, 1995, 1996 and 1998 if a t -1 < a 1992 or is averaged F -a over 1993 and 1997 if a t -1 = a 1992 or if a t -1 = a 1996 (1 year after a strong year class appears). Under policy 1, the fishing mortality coefficient at age a in year t is equal to F -a under policy 0 if a t -1 < a 1992 or is equal to policy 2 described in the previous section if a t -1 ≥ a 1992 . Because we ignore variation in body weight, rate of maturity and any other parameter values in future projections, the catch amount after stock recovery is probably overestimated. Therefore, we investigated the frequency distribution of the catch in 2009. From these simulated runs, we obtained a probability that the final stock biomass (SB) is larger than 3 million tons and a frequency distribution for the catch in 2009 under each policy.
RESULTS
The degree of overfishing, measured by PFR and '100% -%SPR', as shown in Fig. 2 , represented a more than 80% loss of reproduction in 1984-1989 and 1993-1997 . Less than 30%SPR is usually recognized as recruitment overfishing. 12 Projected foregone reproduction was larger as the natural mortality coefficient became smaller (Fig. 2) . The PFR during the period 1990-1992 was smaller than in other years, because the fishing mortality coefficients during these years were smaller than those in other years (Table 1) .
We obtained a minimum S of 1.93 ¥ 10 10 , when b = 1.07 ¥ 10 -6 (/ton) and a = 13 500 (/ton) when M = 0.4 /year. Using the a and b values obtained, we describe a best-fit curve for the recruitment-SSB relationship (Fig. 3) .
For all policies, when M = 0.4 and 0.5 /year, the SB in 1999 was higher than the actual SB in that year (Fig. 4) . The SB when M = 0.5 /year is smaller than that when M = 0.4 /year. When M = 0.3 /year under policy 3, the SB in 1999 could be 79% of the SB in 1977, although this may be unrealistic. Under policy 1, the level of SSB in 1999 was approximately fivefold larger than the actual level in 1999. Under policies 2 and 3, the SSB recovered rapidly and the SB in 1999 reached a level six-and 10-fold larger, respectively, than the actual level in 1999 when M = 0.4 /year. The levels of the SB in all policies were approximately the same until 1993. After 1994, the SB under policy 3 recovered more rapidly than under the other policies. The trend of spawning SB was similar to that of SB. Under policy 3, the final stock was almost half the maximum stock level in 1977. Under policies 2 and 3, the catch recovered slowly until 1995 (Fig. 5) . After 1995, the catch recovered rapidly and reached 0.6 million tons. Catch under all policies was smaller than the actual catch in 1992, but soon increased due to stock recovery. Under all policies, the projected catches were larger than the actual catches, except in 1993 and 1996 when M = 0.3 and 0.4 /year.
The dynamics of SB and catch differed among the three policies (Figs 4,5) . The results are summarized in Table 4 . To restore SB, policy 3 seems better than the actual and other two policies. If the recruitment in 1996 reaches the maximum level in the 1970s, the stock abundance in 1999 reaches the maximum level in the 1970s, as shown in Fig. 4 . This projection may be too optimistic, because we ignored density effects on the growth rate and age at maturity. We investigated the effects of these policies on future stock and catch starting from the 968
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According to estimates from the cohort analysis, the fishing mortality coefficient F on immature fish from 1993 to 1999 is larger than F on mature fish in these years. Wintering immature fish distribute in more northern regions than wintering mature fish. 13 Therefore, we expected that F on immature fish was actually larger than F on mature fish. In contrast, fishermen could conserve immature fish in the 1990s, at least like in the 1970s.
Conserving immature fish is an effective way of avoiding recruitment overfishing. As shown above, all the policies that we considered would have restored the SB of chub mackerel by 1999. In addition, the total catch in the 1990s would chub mackerel stock. We need to elucidate the effects of community or ecosystem-based fisheries management policy on stability and stock abundance in non-equilibrium stocks, such as chub mackerel and other small pelagic fishes.
have exceeded the actual catch if we had applied any of these policies. This suggests that conserving immature fish is important for sustainable fisheries.
Although the fisheries in the 1980s were better than those in the 1990s, the stock decreased in the 1980s. Even under a better fishing policy than we have considered herein, the chub mackerel population would have decreased in the 1980s.
14 This decline in the fish population was caused not only by fishing, but was also due to natural reasons. In the eastern Pacific, chub mackerel stock has declined coincidently since 1984 due to poor recruitment and heavy exploitation has resulted in further population decline. 15 Let us suppose that we had conserved strong year classes. The 1992 cohort would have matured in 1996 and could have spawned in 1996, producing a large RPS. Therefore, the year class born in 1996 would have been much larger than it was. Recruitment also succeeded in 1996. In other words, we lost two opportunities to help the chub mackerel population recover. Chub mackerel stock actually increased from 1955 to 1962. In these years, recruitment succeeded at least twice in 1955 and 1962. 16 More than two successes in recruitment, with several years interval, are needed for the recovery of the chub mackerel population. We need to wait for another two or three opportunities of a good environment for recruitment that is accompanied with a large RPS.
We have not investigated uncertainty in the recovery process. We need to incorporate measurement errors into our calculations in the future. In addition, we also ignored density effects in growth rate and age of maturity in future projections, because density effects are negligible when the stock is sufficiently low. We did not explicitly consider physical, chemical or biological environmental effects, such as ocean currents, water temperature, changing habitat, density of prey and interspecific competition with other pelagic fish. We expect that RPS depends on these environmental factors.
The present study considers fishing policies for a single species. The specie-replacement pattern suggests a negative correlation in the stock abundance between species. The optimal harvesting policy may depend on the stock abundance of other fish species. The Japanese large-and medium-type purse seine fishery will be the target of this discussion because this fishery occupied 51-73% of the total catch of small pelagic fish, including sardine, chub mackerel, anchovy and jack mackerel, 17 and because the current fishing power of this fishery, which focused on sardines in the 1980s, apparently prevented the recovery of 970
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